Article

Chirallaser gyroscopes breaking the lock-in

limit

https://doi.org/10.1038/s41586-026-10684-4
Received: 18 June 2025

Yuan-Hao Mao"?%%, Ji-Peng Xu>*%*, Hong-Teng Ji?%, Li-Tian Yang? Zhong-Qi Tan?,
Yu-Chuan Quan*, Tao Pu', Wei Shao', Jun-Quan Hu', Ran Huang®, Franco Nori®™ & Hui Jing®”™

Accepted: 20 May 2026
Published online: 24 June 2026

Open access

M Check for updates

Ring laser gyroscopes (RLGs) measure rotation via the Sagnac effect: aslight difference
inthe frequency of the two counter-propagating beams within the resonator. However,
atlow rotationrates, anintrinsic limitation in RLGs, known as the lock-in phenomenon,
counteracts this effect, precluding the widespread adoption of RLGs as motion

sensors. Past efforts to avoid this phenomenon include mechanical dithering' and
magneto-optic non-reciprocity techniques?. Such techniques require external
components that limit the miniaturization of RLGs. Here we present a self-biased
method that overcomes this limitation through chiral spontaneous symmetry
breaking and nonlinear frequency pulling in aHe-*°Ne RLG without inserted elements.
Supported by a theoretical model that reveals phase transition conditions with
spontaneous symmetry breaking and the dynamics of bistable chiral states, our
experiments demonstrate deterministic chirality switching synchronized with
rotation direction. Remarkably, the chiral RLG has a linear frequency response at
near-zero rotation rates, achieving an open-loop bias instability of 2.2 x 10 degrees
per hour atal0 sintegration time. Our work presents a strategy for the development
of all-solid-state, high-precision and miniaturized laser gyroscopes, which could

be used for the exploration of the interplay of nonlinear dynamics and spontaneous
symmetry breaking in photonic systems.

Theringlaser gyroscope (RLG)—as a mainstream product dominating
the high-end inertial sensor market for decades**—has consistently
played a pivotal roleinultra-high-precision inertial navigation systems,
autonomous navigation platforms and even fundamental scientific
facilities®'°. Distinguished from other optical gyroscopes, the RLG’s
most distinctive feature lies in the integration of the light source and
sensing:itis essentially aHe-Nelaser, that, at the same time, produces
abeat frequency proportional to the rotational rate Q. This beating
signal originates from the Sagnac effect™2, which causes a frequency
splitting between a pair of clockwise (CW) and counterclockwise (CCW)
laser modes (that is, Qg = S0Q/2, where Qg is the mode frequency shift
and Sisascale factor). However, under low rotation rates, the frequen-
cies of the CW and CCW modes are inevitably degenerate owing to
backscattering coupling™*, which consequently leads to the loss of
thebeat signal. Thisisafundamental challenge intrinsic to laser gyro-
scopes known as the lock-in effect.

The current approaches for overcoming the lock-in effect involve
two established techniques: the two-frequency mechanical dithered
RLG' and the magneto-optically biased four-frequency differential
RLG? However, both biasing approaches rely on external components
(dithering motor and magneto-optic crystals), the reliability of which
faces challenges in harsh environments (for example, deep-space
exploration), as well as miniaturization and integration demands

of high-precision inertial navigation devices™ ™. An alternative
self-biasing concept (that is, without external components) has been
proposed®°?, exploiting intensity-dependent nonlinear interactions
among asymmetric multi-longitudinal modes (for example, strong
TEM,, modes and weak TEM,; modes). However, its practicalimplemen-
tation remains elusive due to its complex multi-mode dynamics and
unresolved engineering challenges. Notably, asymmetric phenomena
are ubiquitousin optical chiral systems?, which provide an additional
degree of freedom for light manipulation®, computing® and sensing®,
enabling transformative applications ranging from chiral logic gates®,
light-matter interactions”?° and metamaterial engineering’*' to
quantum non-reciprocity control’>**, Among these diverse forms of
asymmetry and chirality in nature and frontier research, this work,
as shown in Fig. 1a, focuses on breaking the intensity symmetry of
counter-propagating modesin aRLG under single-longitudinal-mode
operationvia chiral spontaneous symmetry breaking (SSB)***, thereby
creating a fundamentally simpler, self-biased chiral laser gyroscope.

Chiral SSB

Recent studies®**' have demonstrated that SSB can be achieved through
the Kerr nonlinear effect or exceptional pointsin solid optical systems,
and mainly focused on unidirectional light transmission or asymmetric
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Fig.1|Operating principle of achirality-biased He-*°Ne RLG. a, Thering
resonator is filled with He—*°Ne single-isotope gain gas. The mirror associated
with the piezoelectrictransducer (PZT) enables nanometre-level cavity length
tuning, witha total tuning range of over 3 pm. The intensity of the chiral CW
and CCW modes canbe observed from the output mirror.b, Three stepsinduce
the chirality. First, the laser frequency is shifted towards the gain centre of

the °Ne atoms via cavity length tuning (for example, a100 nm displacement
corresponds to about126 MHz of frequency tuning in this cavity). Second,
overlapping of mirror-image spectral hole burning near the gain centreinduces
nonlinear mode coupling. Third, nonlinear coupling triggers chiral SSB (/.,.// ..,
theintensity of the CW or CCW laser modes). ¢, Key mechanism of enhanced

laser emission. Here we induce SSB directly by mode competitions in
aHe-*Ne single-isotope gas laser (Fig. 1b,c). Contrary to the achiral
RLGs restricted by the lock-inregion (Fig. 1d), the chirality-biased RLG
isabletobreak thelock-inlimit by spontaneous frequency splitting (as
depicted in Fig. le and the purple region of Fig. 1f).

Using a two-parameter phase diagram analysis within a third-order
nonlinear dynamic formalism**** (Methods), we theoretically demon-
strate the spontaneous symmetry-breaking phenomenoninringlaser
systems vianumerical modelling. Figure 2a reveals the dependence of
the steady-state mode intensity on the pump current/, and § through
the dynamic analysis; the yellow curve demarcates the parameter
boundaries for SSB phase transitionsin the ring laser system. Simulated
results reveal that a significant intensity disparity between CW and
CCW outputs occurs whenboth the gain and coupling strength exceed
critical thresholds (as derived in the Methods), whichis crucial for our
chirality-biased operating principle.

To facilitate a direct comparison with experimental data, we also
illustrate in Fig. 2b,d the symmetry-breaking process by varying the
pump current/, and nonlinear coupling strength § independently,
alongthe dashedlinesinFig.2a. The corresponding experimental data
isshowninFig.2c,e,inwhich {isfinely controlled by the cavity tuning.
Their close agreement confirms the feasibility of inducing SSB via
operational parameter optimization in He-*’Ne ring lasers.

Notably, Fig.2b,c demonstrates an anomalous intensity decrease in
the CCW mode with increasing gain after the phase transition, whereas
the sum of the CW and CCW mode intensities still increases with the

Nonlinear coupling strength Strong

nonlinear coupling. The CW or CCW modes are usually independently excited
indistinctatomic subpopulations, while they are forced to compete for shared
gainatoms within the overlap of spectral hole burning near the *°Ne gain centre.
Theoverlap areagoverns the nonlinear coupling strength. d, The lock-in effect
inanachiral RLG causes signal extinction at low rotation rates. e, The chiral RLG
generates frequency bias through SSB, eliminating the lock-in. f, Schematic of
the SSB transition from achiral (degenerate modes) to chiral state (intensity
and frequency splitting modes) with increasing nonlinear coupling strength.
The frequency splitting of CW and CCW laser modes évis proportional tothe
intensity differencel,, - /.-

pump. To clarify this phenomenon, we numerically tracked the dynam-
ical evolution of the CW or CCW modes before and after SSB. Figure 2f,g
showsthatinthe symmetric phase, all trajectories converge toaunique
stable fixed point, S,, located at the /,, = /.., curve, regardless of the
relativerelationship betweeni, andi.,, (i, andi.., denote theinitial
intensity of the CW and CCW laser modes respectively). By contrast,
Fig. 2h reveals bistable fixed points (5; and S,) in the chiral SSB phase,
where the mode withalarger initial value will eventually form a stable
strong mode as depicted by green arrows at /, = 0.6 mA. Remarkably,
as shown in Fig. 2i, a mere 0.1% initial intensity advantage of the CW
mode over the CCW mode (thatis, i, = (1+ 0.1%)i.,) suffices to estab-
lish a stable CW mode-dominant state.

Controlled versus random chiral SSB

As shown in Fig. 3a, to experimentally study the chiral SSB phase in a
two-frequency RLG (that s, only asingle longitudinal mode oscillates
in both CW and CCW directions), we fabricated a triangular He-*°Ne
RLG with a side length of 125 mm. Its cavity supports a free spectral
range of 800 MHz at 632.8 nm and is mounted horizontally on a rota-
tion stage. A direct current power supply connected to one cathode
and two anodes is used to pump the He-*Ne laser. Beat frequency
signals between the CW and CCW laser modes are detected through
the beam-combining prism port, whereas the other port enables the
observation of CW or CCW intensity along distinct spatial directions.
As shown in Fig. 3b, when the RLG operates in the chiral SSB phase, a
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Fig.2| Theoretical analysis of SSBintheringlaser. a, Phase diagram
intwo-parameter space (where ¢ is the nonlinear coupling coefficient)
demarcating symmetric (left of the yellow curve) and chiral SSB states (right).
b,c, Simulated (b) and experimental (c) results of pitchfork bifurcationin CW
or CCWintensities by increasing gainat { =1.0015and v=v; v,is the gain centre
of °Ne. d,e, Simulated (d) and experimental (e) results of pitchfork bifurcation
by increasing the nonlinear coupling coefficient (or tuning frequency) at the
pump current/,=0.6 mA. Pinkbackgroundshadinginb-erepresentsthe
transition fromachirality to chirality. f,h, Simulations of the symmetric state

chirality switch can be observed by a slight disturbance (for example,
asudden vibration of the platform) under stationary conditions (no
rotation). This phenomenon serves as direct evidence for the existence
of bistability in the chiral system. The following analysis will elucidate
the switching dynamics of this bistable state under both stationary
and rotating conditions.

First,arandom chirality canbe induced by power cyclingunder the
stationary condition. Before the experiment, we stabilized the systemin
the chiral SSB phase by fixing both pump current and operating point,
with the rotation stage disabled. Numerical results in Fig. 2h reveal that
the final chiral state critically depends on the initial mode intensity in
the chiral SSB phase. For He-Nering lasers, these initial conditions are
fundamentally stochastic due to spontaneous emission noise. Con-
sequently, as shown in Fig. 3¢, each power restart generates random
chiral output selection. To quantify thisrandomness, 200 consecutive
power-restarting cycles are performed. Statistical analysis in Fig. 3d
confirms equal probabilities for both chiral states.

Second, acontrollable chirality switch canbeinduced by the rotation.
Under continuous pumping, we implement a rotational modulation
by oscillating the stage with an angular speed of +0.1 degrees per sec-
ond. As shown in Fig. 3e, directional inversion of the rotational stage
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(/,=0.4 mA) (f) and the chiral SSB state (/,= 0.6 mA) (h). f, Phase diagram of
theintensity evolution with one stable point (Sy). h, Phase diagram of the
intensity evolution with two stable points (S,andS,), where i, and .., are the
minuteinitial intensities of the CW and CCW modes, respectively. g,i, Schematics
ofthe evolution of the CW and CCW mode intensities from the initial to the
stable state under symmetric (g) and chiral (i) SSB conditions. Inboth g andi,
i.wexceedsi..,by0.1%.Dataincandeare presented as mean +s.d. (n=100
independent experiments).

induces a synchronized chirality switch. Specifically, the direction of
the dominant modes is consistent with the rotation direction of the
RLG. Under fixed gain and operating point, 200 directional transitions
arestatistically analysed, revealing anear-perfect correlation between
rotation direction and output chirality in Fig. 3f.

Experimental demonstration of chirality-biased RLG
Compared with traditional two-frequency RLGs, the beat frequency
of the chiral RLG needs to be modified as equation (1): (the derivation
canbe found in the Methods)

Av= J[”(Icw_lccw)+205]2_ (Ilﬂ"'liﬂ*'z}'z (0]

ccw cw

where Avisthebeat frequency of the chiral RLG; ris the backscattering
coupling coefficient; nis the nonlinear frequency pulling coefficient
(refer to the Supplementary Information for the derivation), which
represents the overall effect of the laser intensity onits own frequency.

Benefiting from common-mode noise suppression, conventional
RLGs candirectly extract the Sagnac frequency splitting fromthe beat
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Fig. 3| Chirality switchin the chiral SSB phase ofaHe->°Ne RLG.

a, Experimental set-up. Two methods, (1) turning the DC pump on/offand (2)
rotating the stage, are applied toinduce achange in the chirality. b, Existence
ofbistable chirality in the chiral SSB phase under the stationary condition. Data
arepresented asmean +s.d. (=100 independent experiments). ¢,d, Random
chirality selections observed during periodic power cycling of the RLG (c) and

signal with balanced CW and CCW intensities, whereas equation (1)
demonstrates that the intensity-dependent nonlinear frequency pull-
ing introduces an additional term n(/.,, - I..,) Wwhen I, # [, . Consi-
dering atypical value of the backscattering coefficientr=30Hz, fora
chiral RLG operating at the point of maximum frequency bias (for
example,v=v;inFig.4a) withanintensity ratio /., /.., = 2.4, the intro-
duced frequency bias is about 364 Hz, which is far greater than the

lock-inthreshold (/ﬂ + ',Cﬂ + 2) r = 66 Hz. The chiral RLG will there-

fore always have areal and nearly linear frequency response with rota-
tion, provided that n(/,,, - I..,,) and Qg have the same sign. Moreover,
although the intensity asymmetry at this operating point reduces the
interference fringe contrast by approximately 10%, leading to a decrease
in the signal-to-noise ratio from 35.5 dB under achiral conditions to
34.9 dB under chiral conditions, this value remains well above the
typical SNRlimit (about 20 dB) required for high-precision laser gyro-
scope frequency counting. Therefore, such a chiral bias does not
adversely affect the readout of the gyroscope signal.

Further experiments were conducted to investigate the correlation
between chiral SSB and the frequency bias in the He°Ne RLG. The
laser gyroscope rotates clockwise at 0.5 degrees per second with a
fixed pumping power. As shown in Fig. 4a, the strong mode coupling
induced by continuous frequency tuning around the *°Ne gain centre
vodrives the RLG operating in the chiral SSB phase, where the CW mode
intensity dominates (I, > I.,). The grey dashed line in the upper panel
of Fig. 4areveals the odd symmetry of the nonlinear frequency pulling
coefficient pwith respect to v, (refer to the Supplementary Information

its corresponding statistical results (d). e,f, Regular and controllable
chirality switches with uniform periodic oscillations of the RLG (e) and its
corresponding statistical results (f). The statistical analyses ford and fare
based on200 experimental runs, and only the modes with higher intensity
arecountedineachrun.

for a derivation). This nonlinear effect pulls the laser line to the gain
centre, independent of which one has a higher frequency.

Tovalidate thelinear response of the chiral RLG in the lock-in region,
three operating points (thatis, v; = v, in Fig. 4a) are tested under the
chiral SSB phase. As depicted in Fig. 4b, the measured frequency
responses show excellent linearity from —0.5 to +0.5 degrees per sec-
ond, differing only in the frequency bias values. In contrast, when the
operating pointis tuned tov,, as showninFig.4a, the gyroscope oper-
ating in the normal achiral state has a nonlinear frequency response
atrotation speedsbelow 0.05 degrees per second and enters thelock-in
regionwhen Qislower than 0.03 degrees per second. Notably, a chiral-
ity flip occurs concurrently with the reversal of the rotation direction,
whichis consistent with the experimental results presented in Fig. 3e.
Furthermore, to comprehensively validate the effect of chirality
on the frequency bias, the chirality is artificially switched (such as
restarting the power supply with a directional seed light) during clock-
wise rotation. As indicated by the thumbs-down region in Fig. 4b, this
chirality-switched state produces a significant negative frequency
bias, whichin turnsubstantially increases the lock-in threshold of the
RLG. The dashed curves in Fig. 4b show theoretical predictions from
equation (1), demonstrating excellent agreement with experimental
measurements.

With afixed operating point v of the RLG, Fig. 4cillustrates the prin-
ciple of how the frequency bias remains positive and the reason why
the chirality switches when therotation directionis reversed. First, the
Sagnac effect causes opposite frequency shifts in CW and CCW laser
modes. The travelling mode with the same direction as the rotation has
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Fig.4|Frequency response characteristics of the chiral RLG.a, The CWor
CCW modeintensity, nonlinear frequency pulling coefficient 7 (top) and the
corresponding frequency bias with tuning frequency varound the *°Ne gain
centrev,(bottom). b, The frequency response to low rotational speed of the
RLG under different operating points and chirality states. Here, v;, v, and v;

alonger optical path, corresponding to a lower resonant frequency.
Conversely, the resonant frequency is higher. When the operating fre-
quency v exceeds v, the frequency-downshifted mode gains higher
amplificationdue to the gain profile. Asaresult, this laser mode is more
likely to acquire a relatively large initial value and thus evolves into a
strong mode. Similarly, the change of rotation direction will reverse
the frequency shiftinduced by the Sagnac effect, which consequently
leads to a chirality switch. Furthermore, negative n values induce
intensity-dependent frequency pullingtoward v,,. For instance, asshown
inthe upper panel of Fig. 4c, the dominant CW mode has stronger pull-
ing than the weaker CCW mode, generating a positive frequency bias.

To evaluate chirality-biased stability, the chiral RLG is horizontally
mounted on a vibration-isolated granite platform, with its operating
point fixed at the position where the frequency bias is maximum (that
is,v=v;showninFig.4a). Conventional two-frequency RLGs withcom-
parable dimensions would operate below the lock-in threshold with
complete signal extinction. Strikingly, asindicated by the blue starin
Fig. 4b, our chiral RLG outputs a stable 364.4 Hz beat signal under
identical conditions. Its corresponding Allan variance analysis, shown
in Fig. 4d, reveals a bias instability of 2.2 x 102 degrees per hour with
10 sof integration time over 1,000 s open-loop operation—three orders
of magnitude below Earth’s rotation rate (around 15 degrees per hour)—
confirming robust chiral SSB phase with precise constant frequency
bias.
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operating pointindicated by thebluestarinb.

Infact,asthe He-Ne RLGis atypical Doppler-broadening dominant
gas laser system, pioneering research*® revealed that strong coupling
in neon single-isotopes would extinguish one propagation direction
(thatis, complete chirality), thereby eliminating angular velocity sens-
ing. Consequently, conventional RLGs have long used dual-isotope
gas mixtures (**°Ne and ’Ne) to avoid bidirectional mode coupling,
inadvertently precluding exploration of chiral SSB in He-Ne ring
lasers. Our work revisits this fundamental mechanism by using *°Ne
single-isotope gas, leveraging strong CW or CCW mode coupling under
single-longitudinal-mode conditions to induce stable SSB through
hole-burning effects. Furthermore, compared with traditional RLGs,
the higher gas pressure (7-9 torr) and ultra-low cavity loss (<100 ppm)
enabled by precision fabrication* are critical for achieving controllable
and stable chiral output (Methods and Supplementary Information).

Conclusion

Here we have developed a new chirality-biased RLG based on chiral
SSB, which eliminates the longstanding lock-in problem. By exploit-
ing nonlinear mode interactions in a He—*°Ne single-isotope RLG, we
have achieved stable chiral states with intensity-dependent frequency
pulling, enabling a robust linear response even at near-zero rotation
rates. Experimental validation of a 0.02 degrees per hour bias instabil-
ity under open-loop operation highlights the technology’s readiness



for high-precision navigation applications. Furthermore, the deter-
ministic control of frequency bias via operational SSB phases opens
new avenues for exploring nonlinear dynamics in photonic systems.
This demonstration redefines the design principles of RLGs by show-
ing that controllable strong coupling between laser modes leads to a
state-of-the-art application rather than chaotic mode competition. It
isnoteworthy that the chirality-induced frequency bias is sensitive to
operating point and gain fluctuations, a consideration that becomes
critical for on-chipimplementations where thermal effects may induce
drift. Therefore, transitioning to integrated platforms would require
robust gain control and advanced frequency stabilization to ensure
stability and reproducibility.

In summary, this work bridges fundamental research in symmetry
breaking with next-generationinertial sensing technologies, promising
transformative impacts across metrology”, integrated photonics**°
and quantum precision sensing systems>**.,
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Methods

Fabrication of the He-*°Ne single-isotope RLG
Thering cavity of the laser gyroscope is fabricated from a single block
of Zerodur glass (coefficient of thermal expansion <2 x 10 K%; ref. 52),
which provides remarkable dimensional stability under temperature
variations. For a total cavity length of 0.375 m, a temperature fluctua-
tion of 0.1°C results in alength change of AL =0.375m x2x108°C! x
0.1°C=0.75nm. This correspondsto afrequency drift oflessthan1 MHz.
The optical cavity itself ensures a closed optical path through high
machining precision, with the angular errors at its three corners con-
trolled within five arcseconds and the length errors of its three sides
maintained below 1 pm. Three ultra-smooth mirrors (with a surface
roughness, R,, of below 0.05 nm) were optically bonded to the cavity,
achievingatotal cavity loss of 68 ppm. Hermetic sealing isimplemented
through indium-alloy joints for both anode and cathode interfaces.
Before gas filling, the cavity underwent ultra-high vacuum baking at
80-120 °C for 168 h under a base pressure of under1x 107 torr, effec-
tively removing residual contaminants and ensuring molecular-level
cleanliness. Finally, the cavity is filled with a He—°Ne gas mixture under
precise flow control, where the total pressure is 8 torr and the ratio of
He and *°Ne is 30:1.

Third-order nonlinear dynamic formalism

Toelucidate the SSB mechanismin RLGs, we start from the third-order
nonlinear dynamic equations for the dissipatively coupled counter-
propagating waves:

0~ .. ~ Py
&EI,Z =(a- bEl?Z - 5522.1)51,21 iQgk; 5+ 1E5 (2)

where E,z(f) = l:'l,z(t)exp[—i(vt+yl'2(t))] represent the complex elec-
tric fields of the CW and CCW waves, with time-dependent amplitudes
E, 5(t)and phases ym(t); vis the resonant frequency of the ring cavity
(thatis, the operating point of the RLG); Q¢ denotes the frequency shift
caused by the Sagnac effect and ris the backscattering coupling coef-
ficient. The real and imaginary parts of the complex parameters
(@=a+ i0,5:ﬁ+ ip,¢=0+it), detailed in Supplementary Table 1,
represent thelinear and nonlinear effects on the amplitude and phase,
respectively. This allows equation (2) to be decomposed into a set of
coupled differential equations for the amplitude and phase. Analysis
ofthe steady-state solutions to the amplitude equations revealed two
key parameters governing the chiral behaviour: the pumping power
and the operating point (that is, laser frequency), corresponding
respectively to the net gain coefficient « = Re(d) and nonlinear cou-
pling coefficient{= Re(E)/Re(E) =0/B.Inparticular, ais proportional
to the pump current [, (thatis, a = y/,) within the gain range (for exam-
ple, 0.3-0.8 mA) studied in this work and £ reflects the degree of over-
lap of the hole-burning regions between the CW and CCW laser modes
asshowninFig. 1c.

The laser gyroscope operates under a constant-voltage (-520 V)
direct current pump source. The gainis therefore increased by rais-
ing the pump current. Specifically, the threshold pump current of
the systemis /,=0.29 mA. This gain corresponds to the net cavity
loss rate ay, =y, = ~log(1- 6)/T, = 5.435 x 10*Hz, where 6= 68 ppm is
the total cavity loss and T;,= AL/c is the roundtrip time of the laser
inside the cavity (AL isthe cavity length, cis the speed of light). Under
small-signal conditions, the gain is approximately linear, and the
gain—current relationship can be estimated by the scaling factor
x=a/ly=ay/l, =1.875x10° Hz mA™.

Derivation of the chiral SSB condition and frequency difference
of the chiral RLG

By separating the realand imaginary parts of equation (2), the dynamic
equations for the amplitude and phase can be obtained, respectively:

E=(a- BE2 - OED)E, + rE,cosAu

. , 3)
E,=(a-BE; - OF°)E, + rE,cosAu

E.
i+ v=-0Qs+0-pE - 16} - r2sinAu
; )

E
i, +u=()s+o—p522—rflz+rf—lsinAu
2

where Au=p, - 1, is the phase difference between the CW and CCW
laser modes (detailed definitions and calculations of a, ,0,0, pand T
can be foundin the Supplementary Information).

First, the chiral SSB condition can be derived by equation (3). As
the laser phase evolves as a fast variable, the phase difference can be
approximated by its time-averaged value over the observable timescale.
Consequently, we adopt the approximation Au = 0 in the subsequent
calculations, implying that the influence of the phase difference (that
is, the rotation of the gyroscope) on the chiral symmetry-breaking
phase transitionis neglected. Experimental data provided in the Sup-
plementary Information can validate this approximation.

Based on equation (3), the Jacobian matrix of £;and £, is

J= OF, OF,| |-3BE’-PEE;+a  —2BEEE,+r )
OF, OF, -2BEEE,+r  3PER-BEEE+a
OF, O,

When the determinant of the Jacobian matrix is negative:

260r+a)
-2 }<o ©)

2
_ B+Hr+a
det(/)lEl:Ez—|:(X— 1+€ -
the symmetric solution in equation (3) loses stability, but leads to a
pitchfork bifurcation of the nonlinear system described in Fig. 2a. Sim-
plifying equation (6), the critical condition of chiral SSBis obtained:

a(E-1)>2r (7)

Equation (7) demonstrates that strong coupling (§>1) servesas a
necessary condition for chirality emergence. The practically attainable
ranges of a and £ fundamentally constrain the design space, necessitat-
ingultra-lowbackgroundscattering rthat canonly be achieved through
ultra-precise fabrication techniques*.

Second, a standard Adler equation can be obtained by subtracting
the two equations in equation (4):

0;Au=A-BsinAu (8)

Solving equation (8), the expression for the phase difference Au is
obtained:

tan(Au/2) = %[B +wptan(wgt + @)1 9)

where wg=+/A* - B*/2 and ¢, is an arbitrary constant. Let /., = £,
I.w=E3and n=p - 1. The coefficients A, Bin equations (8) and (9) can
be written as:

A=(p-TE*-ED) +2Qs=n(l, — I,) +2Qq, B= r[% + ?j (10)
1 2

Thebeat frequency Avis derived by taking the time average (that s,
T=21/wg) of the derivative of the phase difference*:
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zerodur-p1000269/technical-details.

53. Mao, Y. et al. Dataset for “Chiral laser gyroscopes breaking the lock-in limit”. figshare
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